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ABSTRACT

We present evidence for a ring of stars in the plane of the Milky Way, extend-

ing at least from l = 180Æ to l = 227Æ; the ring could encircle the Galaxy. The

low Galactic latitude structure is at a fairly constant distance of R = 18� 2 kpc

from the Galactic Center above the Galactic plane, and has R = 20 � 2 kpc in

the region sampled below the Galactic plane. The evidence includes �ve hundred

SDSS spectroscopic radial velocities of stars within 30Æ of the plane. The velocity

dispersion of the stars associated with this structure is found to be 27 km s�1 at

(l; b) = (198Æ, -27Æ), 22 kms�1 at (l; b) = (225Æ, 28Æ), 30 km s�1 at (l; b) = (188Æ,

24Æ), and 30 km s�1 at (l; b) = (182Æ, 27Æ). The structure co-rotates with the

Galactic disk stars at 110�25kms�1. The narrow measured velocity dispersion is

inconsistent with power law spheroid or thick disk populations. We compare the

velocity dispersion in this structure with the velocity dispersion of stars in the

Sagittarius dwarf galaxy tidal stream, for which we measure a velocity dispersion

of 20 kms�1 at (l; b) = (165Æ;�55Æ). We interpret our measurements as evidence

for a tidally disrupted satellite of 2� 107 to 5 � 108M� which rings the Galaxy.
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1. Introduction

The Milky Way Galaxy's system of stars is generally divided into several global com-

ponents based on broad positional, kinematic and chemical abundance information. Major

components are: thin disk, thick disk, spheroidal halo, and bulge. There is recent evidence,

however, that these basic components do not explain all of the stars seen in photometric and

spectroscopic surveys.

Larsen & Humphreys (1996) and Parker, Humphreys, & Larsen (2001) report a signif-

icant asymmetry in the number of stars in the thick disk/inner halo from one side of the

Galactic Center to the other, at angles of 20Æ � 75Æ from a Galactic longitude of zero, at

20Æ < b < 50Æ. The stars are approximately 3 kpc from the Sun. They suggest this asym-

metry could indicate triaxial distributions of thick disk or inner halo stars, or could result

from interactions of the disk with the Sagittarius dwarf or the Milky Way's bar.

Figure 3 of Alard (2001) shows a 35% asymmetry between the number of stars 6 degrees

above and below the plane, at l = 240Æ. They do not quote a typical distance to their stars,

but since this study uses brighter 2MASS stars, they must be within a few kiloparsecs of the

Sun.

There are several groups who see evidence of a disk-like distribution of metal-weak

([Fe/H] � �1:6) stars, which extends to larger scale heights and lower metallicities than

the canonical thick disk of Gilmore & Wyse (1985). Norris, Bessell, & Pickles (1985) found

a set of stars with orbits like disk stars and metallicities like halo stars, and interpreted

these as a metal-weak tail to the thick disk population. Morrison, Flynn, & Freeman (1990)

con�rmed and extended this result, and Majewski (1993) measured a vertical scale height of

the metal-weak thick disk of 2 kpc (twice the canonical scale height of the stars of typical

metallicity in the thick disk component).

It is not known whether the Galactic disk is formed from separate disk components, or

whether there is a single disk component with a metallicity and age gradient. In particular,

there is no consensus on whether the metal-weak thick disk is part of the proposed Galactic

thick disk, or whether it is itself a separate component (Beers et al. 2002).

Gilmore, Wyse, & Norris (2002) �nd a group of stars, within 3-5 kpc of the Sun at

l � 270Æ, which is rotating more slowly about the Galactic center than would be expected

of a thick disk population. The stars are found 30Æ above and 45Æ below the Galactic plane

(5 kpc apart). They interpret these stars as originating in a satellite galaxy which merged

with the Milky Way and perhaps could have created the thick disk.

There are other indications that smooth galaxy components to star distributions in the
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Milky Way do not yield the complete picture. Moving groups and halo substructure have

been observed from stellar kinematics (Helmi et al. 1999; Majewski, Munn, and Hawley

1996). Tidal disruption of globular clusters and the Sagittarius dwarf galaxy in the halo of

our Milky Way galaxy have been documented (Odenkirchen et al. 2001; Mateo, Olszewski &

Morrison 1998; Majewski et al. 1999; Martinez-Delgado et al. 2001; Vivas et al. 2001; Rockosi

et al. 2002; Kundu et al. 2002; Bellazzini, Ferraro, & Ibata 2002) in spatial star-density and

kinematic studies.

Deep, accurate, multi-color Sloan Digital Sky Survey (SDSS, see York et al. 2000)

photometry of blue stars was used by Yanny, Newberg et al. (2000) and Newberg, Yanny et

al. (2002), hereafter designated Paper I and Paper II, to probe the structure of the Milky

Way's halo over a distance range 2 < d < 150 kpc. Paper I identi�ed large structures

(length scales > 10 kpc) of stars which turned out to be two pieces of the tidal stream of

the Sagittarius dwarf galaxy (Ibata et al. 2001a). Paper II showed the Sagittarius dwarf

stream turno� stars and color-magnitude diagrams (CMDs), and also identi�ed additional

substructure in the Galactic halo. The most striking discovery was the identi�cation of a

large number of blue stars at low Galactic latitudes, roughly in the direction of the Galactic

anti-center.

Each overdensity of stars identi�ed in Paper II was designated with a label of the

form Sl � b � g, where (l � b) are the approximate center in Galactic coordinates and g

is the approximate g magnitude of the F dwarf stars in that overdensity. Since many of

the structures we are looking at cover large areas of the sky (for example the stream of the

Sagittarius dwarf galaxy), it is likely as we obtain additional SDSS imaging data that the

many identi�ed overdensities will eventually connect to trace large structures. We concluded

in Paper II that the overdensities S223+20-19.4, S218+22-19.5, S183+22-19.4, and (with less

signi�cance) S200-24-19.8 were parts of the same large structure in the sky, since they had

similar CMDs, turno� colors, and inferred distances. The sky positions of these overdensities

are spread over 40Æ of Galactic latitude and 40Æ of Galactic longitude.

In Paper II we explored two possible explanations for the unexpectedly high concentra-

tions of stars near the Galactic anti-center: either the stars are part of the tidal stream from

a tidally disrupted dwarf galaxy, or they are part of the \metal-weak thick disk" described

above.

One of these structures, at (l; b) = (198Æ;�27Æ), was selected for spectroscopic followup,
and we present here radial velocities of several hundred faint g � 20 blue stars in that

structure. In addition, we present serendipitous SDSS spectra of 18:5 < g < 19:5 stars in

several other directions of interest and make a case that stars in three of these directions

are pieces of the same low-latitude stream, at a distance of 18 kpc from the Galactic center.
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We also consider the possibility that the stars are part of a shell such as that seen around

some elliptical galaxies which have undergone mergers (Malin & Carter 1983; Merri�eld &

Kuijken 1998; Tremaine 1999).

The case for the existence of a stream ringing the Galaxy is made in this paper as

follows: The instrumentation and observing system of the SDSS is reviewed in x2, and
the accuracy with which radial velocities obtained with the SDSS are known relatively and

absolutely is justi�ed in x4. In x3 and x6, radial velocities of a set of faint blue turno� stars,

de�ned to be stars of spectral type F with absolute magnitudes of about Mg = 4:2 � 0:3,

are observed at several positions around the sky. At low Galactic latitudes, these stars at

implied distances of 17-20 kpc from the Galactic center are shown to have a remarkably

narrow velocity dispersion, inconsistent with a stellar spheroidal halo population. Combined

with the narrow appearance of the stars' faint turno� in the photometric color-magnitude

diagram, we argue that the distribution is annular in nature. A comparison to a known

stream is discussed in x5. Using the observed velocities and positions of stars over an arc of

50Æ on the sky we constrain the possible orbits of stars in this coherent structure in x7 and
discuss further details in x8. Finally, we summarize in x9.

2. SDSS Technical Details

A main goal of the SDSS is to obtain the redshifts of nearly one million galaxies and

one hundred thousand quasars. These are obtained with 45 minute long exposures with a

640 �ber double spectrograph on the SDSS 2.5m telescope (York et al. 2000). The targets

are selected from SDSS imaging data, and holes at the positions of bright galaxies, stars

and other targets of interest are drilled in 1 m diameter aluminum plates, which cover a 3Æ

diameter �eld of view.

During normal SDSS operations, stellar objects are targeted in about 35 to 80 of the

640 �bers on any given plate. Sixteen of these targets on each plate are moderately bright

objects, called SDSS reddening and spectrophotometric stars, and are used to calibrate all

the objects on a given plate. They are generally F subdwarfs with 16 < g < 18:5. There

are also 10-30 �bers placed on objects of interesting color, generally blue or red objects o�

the usual stellar locus, including blue horizontal branch stars, brown subdwarfs, and white

dwarfs. In addition, about 35% of �bers placed on quasar candidates turn out to be stars

in the Galaxy rather than actual quasars. In this way, a large sample of stellar spectra are

obtained with signal-to-noise greater than 10 to limits of g � 20:0 over the course of the

survey.
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Here and throughout the paper, SDSS magnitudes and �lters are designated without

subscripts or superscripts: u; g; r; i; z. This indicates that the magnitudes are on the 2.5m

imaging camera system, which is closely tied to the SDSS photometric system. See Smith

et al. (2002); Fukugita et al. (1996); Hogg et al. (2001) for details on the SDSS photometric

system and the SDSS photometric monitor. See Gunn et al. (1998); Lupton et al. (2003) for

details on the SDSS imaging camera system and imaging processing software. A subscript `0'

on a magnitude or color indicates that it has been corrected by applying the full dereddening

appropriate for its position on the sky. We correct these magnitudes for reddening using

E(B � V ) from Schlegel, Finkbeiner, & Davis (1998), which has spatial resolution of 0.1

degrees, and the standard extinction curve, which for SDSS �lters yields: Au� = 5:2E(B �
V );Ag� = 3:8E(B � V );Ar� = 2:8E(B � V ). The astrometry of SDSS objects is good to

better than 100 mas and techniques used in obtaining this accuracy are described in Pier et

al. (2002).

During standard SDSS spectroscopic observing, each plate is exposed for 3�15 minutes

= 45 minutes on the 2.5m SDSS telescope (York et al. 2000) at APO. Arc lamps of HgHeNeAr

are obtained before and after each exposure. Quartz 
at exposures of the �bers are also

obtained.

The data are processed through the standard SDSS spectroscopic pipelines (software

versions v4 9 8 for 2D and v5 7 3 for 1D processing were used), and result in a set of 1D

spectra as well as a radial velocity for each object based on cross correlations against a high

signal-to-noise (S/N) template F star. Additionally, the observed wavelengths and equivalent

widths of common lines like Ca II K and the Balmer lines are measured. The line positions

give a second measure of radial velocity in addition to the templatematch, and the agreement

between the two does not con
ict with our estimated radial velocity errors for fainter stars

of � = 16 � 20 km s�1, which are derived in x4.
The exact selection function of SDSS regular program stellar spectra is complex, but

the corresponding imaging data are complete several magnitudes beyond the spectroscopic

sample magnitude limit. Thus, color and number count information from the imaging can

be used to estimate completeness of any spectroscopic sample. The algorithm by which a

mosaic of 3Æ diameter spectroscopic tiles are selected on the sky is described in Blanton et

al. (2002).
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3. F star plate 797

We took advantage of an opportunity when none of the normal SDSS program areas

were visible to use the �bers in one specially designed spectroscopic plate to study the

dynamics of the stars identi�ed in Paper II as belonging to the overdensity S200-24-19.8.

The name indicates the stars are near (l; b) = (200Æ;�24Æ) and the turno� is at approximately

g0 = 19:8. With an estimated absolute magnitude of Mg = 4:2 for these blue stars, this puts

the overdensity at a distance of 13.2 kpc from the Sun.

Figure 1 shows a portion of Figure 15 from Paper II, which contains SDSS photometry

in a (g � r)0; g0 color magnitude diagram of stars near (l; b) = (198Æ;�27Æ). Note the faint
turno� at (g� r)0 = 0:2; g0 = 19:5. This turno� has many more stars than the thin or thick

disk populations at the same implied distance from the Sun along this Galactic sight-line.

Unlike the usual SDSS science plates, which target about 500 galaxies, 100 QSO can-

didates and 30 stars per plate, this special plate 797 was arranged to target about 600 blue

stellar objects with 19:1 < g0 < 20:3 and 0:16 < (g� r)0 < 0:3. A handful of objects outside

of this range, including eight spectrophotometric and eight reddening stars at g0 � 17 and

g0 � 18:25 respectively, and a few objects with (g� r)0 > 0:4, were also targeted for quality

control. The area in color-magnitude space where the spectroscopic targets on plate 797

were selected is indicated by the triangular points in Figure 1.

Plate 797 was exposed for a total of 7200 s on the nights of 2001 December 19 and 20

with the SDSS spectrographs, and processed with standard SDSS software for spectroscopic

reductions. This produced a set of fully extracted, wavelength and 
ux calibrated 1D spectra.

Each of the � 600 F-star spectra was examined individually. Since no (u � g)0 color

cut was applied to the selection of objects on this particular plate, spectra of numerous hot

objects, unrelated to the target F turno� stars, were observed. Spectra of about 50 quasars

and numerous white dwarfs, as well as spectra with S/N too low to measure an accurate

radial velocity, were rejected. Rejecting objects with S/N less than about 5:1 e�ectively sets

our faint limit for obtaining a good radial velocity on this plate at about g = 20:5. This left

392 good F star spectra, including the brighter reference F and G stars at 17:0 < g0 < 18:5.

A sampling of the good plate spectra shows that the typical S/N for these spectra ranged

from about 10 at g0 = 19:5 to about 5 at g0 = 20:1. Individual positions, magnitudes, colors,

SDSS IDs, radial velocities, and the equivalent width of the Ca II K �3933 �A line (WK) for

each good spectrum are listed in Table 1 (full table is ascii text). Table 1 lists for each

object: right ascension, declination (J2000), SDSS imaging identifying code (format run-

rerun-camcol-�eld-id), spectroscopic identifying (format plate-mjd-�berid), g0 magnitude,

(g � r)0 color and (u � g)0 color, the heliocentric radial velocity in km s�1, WK , and a
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color cut 
ag, where a 1 indicates the object is one of 327 in the color magnitude box:

(0:158 < (g � r)0 < 0:3; 19:1 < g0 < 20:3). Figure 2 shows the histogram of observed radial

velocities for these 327 stars in the color-magnitude box of plate 797.

One can compare the radial velocity histogram of the stars in Figure 2 with our expecta-

tions for the radial velocity distribution of standard Galactic components. Each component

(power law spheroid, thick disk, and thin disk) is assigned a nominal Galactic rotation ve-

locity in the solar neighborhood and a velocity dispersion ellipsoid. For each component,

we calculate the radial velocity, velocity dispersion, and density of stars at the position and

distance of the stars in the Figure 9. For the thin disk, we adopt

< vrot; �U : �V : �W >=< 220; 38 : 25 : 20 >;

in units of km s�1; for the thick disk,

< vrot; �U : �V : �W >=< 170; 60 : 45 : 40 >;

and for the halo,

< vrot; �U : �V : �W >=< 0; 130 : 100 : 85 >;

in the same units. These parameters are taken primarily from the compilation in Allen

(2000), p. 479. However, we adopted a non-rotating halo component and set the rotation

velocity of the thin disk to the rotation velocity of the stars in the solar neighborhood. The

results of �tting this model to the data are not sensitive to small di�erences in our adopted

parameters.

The Galactic models are calculated as follows: Since the Galaxy has an essentially 
at

rotation curve exterior to the solar position out to some large distance, the rotation speed

of each component in the solar neighborhood is used as the estimate of the rotation curve at

the position of the stars in plate 797 (d� = 13 kpc, rGC = 20 kpc). First, we convert position

in the Galaxy (l; b; r) to standard Galactic Cartesian coordinates (X;Y;Z). From the X and

Y positions, we calculate the components of the rotation velocity in the (x̂; ŷ) directions:

� = tan�1 Y=X;

vx = vrot sin �;

vy = vrot cos �:

The position and velocity of the Sun are taken as: (X;Y;Z) = (�8; 0; 0), (vx; vy; vz) =

(10; 225; 7) where distances are in kpc and velocities are in km s�1. If r̂ is the unit vector

in the direction from the Sun to the portion of the Galaxy which we are studying, then the

radial velocity we expect to observe from this component is:

vR = (~V � ~V�) � r̂:
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From the previous equation, we deduce that the velocity dispersion in the direction (r̂) is

given by:

�rv =
q
(x̂ � r̂)2�x2 + (ŷ � r̂)2�y2 + (ẑ � r̂)2�z2:

It is in principle very diÆcult to calculate either the fraction of the stars which should

belong to each component of the Galaxy or to additionally calculate an overall normalization.

This is because one requires not only all of the parameters in the density model for each

component, but also the component normalization (usually in the solar neighborhood) of

the star counts, and these must be for the colors of the stars used to select the spectroscopic

sample. If there are color gradients in any component, then these must be modeled as well.

Since we use a blue color cut here, in fact bluer than most of the stars in the thick disk

component, we assume the normalization between the thick disk and halo might not be the

same as if we had used a redder cuto�. In spite of this known diÆculty, we estimate the

number of stars expected from each component using the following method.

We adopt a model for the density distribution of each Galactic component which is sim-

ilar to those used in Figure 20 of Paper II. That Figure plots number counts of observed stars

around the celestial equator against models of the number counts expected from standard

thin disk, thick disk and halo models. The exponential thin disk has scale height 0.25 kpc

and scale length 2.5 kpc. For the (exponential) thick disk, we use a scale height of 1.0 kpc,

a scale length of 3 kpc, and a normalization of one in 30 of the thin disk star counts in the

solar neighborhood (but see Chen et al. 2001).

We use a spherical, power law halo distribution with � = �3:5 and a normalization of

one in 500 of the thin disk star counts in the solar neighborhood (Bahcall & Soneira 1984).

We �xed the overall normalization of the model to match Fig. 20 of Paper II; the star counts

in the magnitude range 16:5 < g0 < 17:5 (with assumed absolute magnitude Mg = 5:0) in

the direction (�2000; Æ2000) = (240Æ, 0Æ) were �xed to match our measured 388 per square

degree. Note that the stars in Fig. 20 of Paper II are selected with 0:2 < (g � r)0 < 0:5;

normalizations used in this model will produce the number of stars expected per square

degree, in the color range 0:2 < (g � r)0 < 0:5, in a given distance range (calculated from

an apparent magnitude range and estimated absolute magnitude for the typical star in the

sample).

These models predict that there are 5 thick disk stars and 131 halo stars per square

degree with 0:2 < (g � r)0 < 0:5 in the direction and magnitude ranges of the stars in plate

797. Since these models predict that there should be a factor of 105 fewer thin disk stars than

thick disk stars, we will assume that there are no thin disk stars in our faint blue sample.
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We now estimate the number of blue stars (0:18 < g � r < 0:28) we expect to �nd

in the same volume. Figure 15 of Paper II shows a Galactic color magnitude diagram in a

direction of sky including that towards plate 797; it is a full version of the color magnitude

diagram shown in Figure 1. From Figure 15 of Paper II, we estimate that the slope of the

thick disk main sequence is 6.6 in the g0 vs. (g � r)0 diagram. From that same diagram,

we attempt to select a sample of mainly thick disk stars that are all at the same distance

(and thus in the same volume). From the SDSS stars in the area of the sky described by

�1:25Æ < Æ2000 < 1:25Æ, 70:5Æ < �2000 < 73:5Æ, we select the stars with g0 > 6:6(g�r)0+15:06
and g0 < 6:6(g � r)0 + 15:36. These latter cuts have the e�ect of selecting stars with

17:7 < g0 < 18 at (g�r)0 = 0:4. Of these stars, 97 are in the color range 0:18 < (g�r)0 < 0:28

and 664 are in the color range 0:2 < (g � r)0 < 0:5. From this, we estimate that there are

(very roughly) 15% as many blue stars in the thick disk as there are redder stars at the same

distance.

We use the same logic to select a set of primarily halo stars, as judged from Figure 8 of

Paper II. We choose stars from the area of sky: �1:25Æ < Æ2000 < 1:25Æ and 240Æ < �2000 <

243Æ. Using the same slope for the main sequence, but shifting the magnitude range so that

20:5 < g0 < 20:8 at (g� r)0 = 0:4, we �nd 270 stars in the color range 0:18 < (g� r)0 < 0:28

and 1420 stars in the color range 0:2 < (g� r)0 < 0:5. From this we estimate that there are

roughly 19% as many blue stars in the halo population as there are redder stars at the same

distance.

The predicted contributions to the radial velocity distribution from the thin disk, thick

disk, and power law spheroid components are shown in Figure 2 in red, green, and blue,

respectively. The mean and standard deviation of the model Gaussian distribution are

derived from the models of each stellar component, and the normalizations are estimates

derived from the models and our measurements of stellar distributions in the Galaxy, as

described above. The sum of all distributions is shown by a heavy, black, dashed line. These

known components only account for 157 of the 325 stars shown in the Figure.

We now estimate the mean and dispersion of the \extra" stars. Since the only com-

ponents which contribute a signi�cant number of stars to the diagram are the power-law

spheroid and the additional population whose properties we wish to measure, we used a

maximum likelihood �t to the data in which the model included only two Gaussian dis-

tributions. The mean, sigma, and fraction of the observed stars in the extra component

were allowed to vary so that the reduced chi-square �t between the model and the data was

minimized (reduced chi-squared = 1.33). We �xed the total number of stars as the observed

number of stars, but allowed the relative amplitudes of the two Gaussian components to

vary, since the total number of stars in the spheroid population is rather poorly known. The
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minimum chi-squared was achieved if the extra component was assigned a mean of 74 kms�1

and a sigma of 34 km s�1. The number of stars assigned to the spheroid population, 153,

was very close to the 174 that were calculated from our standard galaxy model, giving us

added con�dence in that estimate. The thinner black curve in Figure 2 shows the extra

distribution of stars, and the thicker black curve shows the sum of the extra stars with the

standard model. The thick black curve shows reasonable agreement with the data.

One could imagine adjusting each of the model parameters (increase the normalization

of the halo component), or adding additional model components (a second inner halo or

metal weak thick disk component) in an attempt to �t the data without the need for this

\extra" component. However, one must keep in mind the following points when imagining

an expanded model:

(1) We do not expect any thin disk stars in our spectroscopic sample, even if we tweak

the scale lengths and normalization to other components within reasonable bounds. Warps

or 
ares of a thin (or thick disk) do not work, as they do not provide enough stars this far

from the Galactic center. A spiral arm at this distance from the Sun would be 4 kpc above

the Galactic plane { an unheard of height.

(2) The velocity dispersion of the star sample is much narrower than that of the power

law spheroid, and is signi�cantly smaller than the local thick disk velocity dispersion.

If one wanted to �t the radial velocity distribution with a smooth distribution of stars,

then a distribution with much larger scale lengths than the thick disk would be required

(scale height 2 kpc, scale length 8 kpc, as described in Paper II). However, larger scale

lengths generally lead to larger dispersions, which makes the agreement with the data in this

respect problematic.

We will show in the next section that a typical instrumental error in the radial velocity

dispersion for this data is � = 20 km s�1. Using this, we estimate that the intrinsic velocity

dispersion of this extra component is 27 kms�1. The mean radial velocity of this component

is 74 �5 km s�1. The error in mean is calculated from the uncorrected dispersion divided

by the square root of the number of measured stars in that component and including the 4

km s�1 plate-to-plate absolute error in quadrature.

Because the stars are at l = 198Æ, relatively near the anti-center, one has only a limited

kinematic lever arm for interpreting radial velocities as projected circular velocities as seen

from the Sun. The models in Figure 2 calculate these projections, and �nd that thin disk

(vc = 220 km s�1) stars would have apparent radial velocities of +49 kms�1, thick disk stars

(rotating in a cylinder with vc = 170 km s�1) would show motions of +54 km s�1 and a

stationary halo would show radial velocities of +73 km s�1. Any distribution of stars with
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signi�cant observed mean radial velocity greater than 73 km s�1 which are also in co-planar

circular orbits would then be moving retrograde with respect to the disk.

These radial velocity estimates depend somewhat on our estimate of the distance to the

star stream. The distance to the stream is determined from the distance modulus to the

turno� stars, which depends on the presumed absolute magnitude of these stars. The error

in the distance modulus is about 0.3 magnitudes (see Paper II), or 15% in distance. The

one sigma error in distance gives us a distance range of 11.3 { 15.0 km s�1.

Since we are looking close to the Galactic anticenter, the assumed distance to the stars

is of less importance. The measured circulation velocity of the stars, assuming they are in a

circular orbit, is�5�44�1�30kms�1, where the �rst error term is the one sigma contribution

from the error in radial velocity determination, the second contribution to the error is from

the error in distance, and the third contribution to the error is from the di�erence in radial

velocity across the plate. For a circularly rotating group of stars, the radial velocities should

shift by about 11 kms�1 from one side of the plate to the other side. This shift is discernable

in the radial velocity data. This e�ect increases our measured radial velocity dispersion by

a few km s�1. Even though formally, we derive vc = �5 � 54 km s�1 (no net rotation) for

stars along this line of sight, we will demonstrate in x6 below that the circulation velocity of

stars above the Galactic plane in this structure are consistent with a prograde rotation.

4. Standard Plate 321

Con�rmation of the radial velocity zero-point and rms error in the SDSS radial veloci-

ties was determined by examining a special SDSS calibration plate. This plate, designated

plate 321, speci�cally targeted the open cluster M67, where radial velocities are known to

accuracies of 1 km s�1 (Mathieu et al. 1986). Exposures of 60s, 120s and 240s were obtained

of this �eld on 2000 March 9, and processed in a manner identical to that of plate 797.

The resulting 80 spectra typically have S/N of 50:1. With this large signal-to-noise ratio,

the error in the radial velocities is determined from the resolution of the spectrographs and

systematics of the wavelength calibration.

Figure 3 shows the di�erence between the SDSS radial velocities and the Mathieu et al.

(1986) catalog velocities of bright blue stars in the open cluster M67 vs. the �ber number.

Each plate has 640 �bers, divided into two `left/right' halves of 320 �bers each. The SDSS

instrumentation consists of a double spectrograph, with two blue and two red cameras.

The �bers from the left half (numbered 1:320) of each plate are fed to one spectrograph;

those from the right half (number 321:640) to another. From Figure 3 we see that there
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is a systematic di�erence of 4 km s�1 between the wavelength calibration on the left and

right spectrographs. This di�erence results from separate wavelength calibrations for each

spectrograph, based on arc lamp exposures before and after the target exposures. It is

expected that this systematic would also be present from plate to plate, with an amplitude

similar to 4kms�1. This systematic is very small compared with the instrumental resolution

of the SDSS spectrographs of 150 km s�1.

If the radial velocities of the left side of the spectrograph are adjusted by 4 km s�1, then

the standard deviation of the radial velocity errors is 11 km s�1. Because the exposure times

on plate 321 are quite short, the night sky lines used to assist in setting the wavelength scale

in each �ber are underexposed relative to normal SDSS plate, and thus the scatter in radial

velocities can in principal be somewhat better than 11 km s�1 for longer exposures. The

resolution and 
exure of the spectrographs limits the accuracy with which we can determine

radial velocities to about 7 km s�1 for typical SDSS exposure times. This number is derived

from internal SDSS diagnostic testing.

We further check this radial velocity error empirically by using SDSS `Quality Assurance'

spectra of blue stars. `Quality Assurance' spectra are repeats of SDSS targets previously

observed on other spectroscopic plates, which are taken to assess the overall quality of the

spectroscopic program. We selected 146 stellar objects with 0:15 < (g � r)0 < 0:36, and

18:9 < g0 < 20, which were observed on two di�erent plates. Figure 4 shows the errors in

radial velocity determination for these stars, which have a typical S/N of 10. The dispersion

in the pairs of measurements, divided by
p
2, is 16 km s�1; we adopt this value for correcting

our observed dispersion to an intrinsic dispersion for objects with S/N � 10.

From these measurements, we generate a (somewhat ad hoc) formula to estimate the

accuracy of individual radial velocity determinations as a function of S/N:

� =

s
72 +

�
150

(S=N)

�2

km s�1:

Plate 797 observations have a typical S/N of 8, rather than 10, so we adopt an instrumental

spread of 20 km s�1 for objects on this plate when correcting the observed dispersion in

Figure 2 from 34 to 27 km s�1.

5. Comparison: Dispersion of stars in the Sagittarius Stream South

Since the velocity dispersion of the stars towards the anticenter is much narrower than

expected for the smooth Galactic components represented at 5 kpc above the plane, we ask
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whether it is similar to the dispersion of a tidal stream. At least two works have estimated the

dispersion within the Sagittarius dwarf tidal stream: Majewski et al. (1999) �nd a velocity

dispersion of 27 km s�1. Dohm-Palmer et al. (2001) measure a dispersion of 31 km s�1.

Fortuitously, the SDSS has also obtained a sample of spectra of stars in the vicinity

of the Sagittarius stream where it crosses the Celestial Equator. Sagittarius South stream

stars (south here refers to south of the Galactic plane on the celestial equator, see Paper II)

are seen with 10Æ < �2000 < 45Æ, �1:5Æ < Æ2000 < 1:5Æ (see Figures 1 and 7 of Paper II).

The turno� of the stream is at magnitude g � 21, which is somewhat fainter than the limit

of ordinary SDSS spectra; however, we have spectra of a number of blue stars with mags

17:8 < g0 < 20:2 which are candidate blue horizontal branch and blue straggler stars from

the Sagittarius stream. The color magnitude diagram of the stars in the direction of the

Sag. south stream selected area is shown in Figure 5. The black box in the �gure was used

to select candidate Sagittarius stream stars with �0:3 < (g � r)0 < 0:2. A histogram of the

radial velocities of 306 selected stars is shown in Figure 6.

As for the data from plate 797, we show the distribution of stars expected in Figure

6 from a standard Galactic model, and �t the mean and standard deviation of the excess

stars. Using the same Galactic model as for the plate 797 data, we �nd that there are

very few thick disk stars expected in the sample (compared to the expected number of stars

from the power law spheroid distribution), and a vanishingly small number of thin disk stars

expected. We did not attempt to directly calculate the normalization of the standard model

star counts, since the selection function for these stars is so poorly known. However, the

number of stars assigned to the smooth components using maximum likelihood techniques

is similar to the number of spectra in this color and magnitude range taken from a similar

area of sky at about the same Galactic latitude, but in a region that does not contain the

Sagittarius stream.

As before, we �t the sum of two Gaussian distributions to the radial velocity histogram.

The mean and standard deviation of the spheroid population is calculated from the model,

and the sum of the number of stars in both distributions is �xed at the number of stars

observed. The minimumreduced chi-squared of 1.21 was achieved with a mean radial velocity

in the stream of -111 km s�1, a velocity dispersion in the stream of 21 km s�1, and 119 of

the 306 stars assigned to the stream population. As these stars are bright, the observational

error in the RVs is about 7 km s�1. Correcting for this error, we quote a true dispersion

of the Sag stream at this point in space of only 20 km s�1. The mean radial velocity is an

excellent match to the Sagittarius stream models of Ibata et al. (2001b). The dispersion

of the stars observed is similar to, but even narrower than, previous determinations in the

literature (which are taken at di�erent points in the stream orbit).
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6. Kinematics of the low latitude stream from other SDSS stars

The spectroscopic observations of faint blue turno� stars on plate 797 showed a narrow

dispersion of about 27 kms�1 in this anti-center direction below the Galactic plane at (l; b) =

(198Æ;�27Æ). Assuming these stars represent a coherent structure in space and velocity, we

now ask if this structure is related to the overdensities of stars detected photometrically

in Paper II in several places above the Galactic plane. We address this by examining the

radial velocities of stars from SDSS (regular program) spectra which are available at low

latitude in the same color-magnitude box as those of plate 797. The SDSS survey ellipse, in

an attempt to avoid regions of higher than average Galactic reddening, dips down to lower

Galactic latitude towards the anti-center at the beginning of most survey stripes (Stoughton

et al. 2001), and this is where we �nd most of our spectra.

The main areas of interest where SDSS stellar spectra were available are near the areas

from Paper II designated: S223+20-19.4, S183+22-19.4, and S167-54-21.5. A typical turno�

star in these structures has g0 = 19:4, implying a distance to the Sun of � 11 kpc.

We note that Figure 16 of Paper II has an error in the labeling of the upper Figure show-

ing S182+22-19.4. The label in the lower left corner of Figure which reads (�2000; Æ2000) =

(125Æ; 50Æ) was improperly corrected for the o�-equatorial cos(Æ2000) and should read (�2000; Æ2000) =

(150Æ; 50Æ).

A color magnitude diagram of SDSS photometry of stellar objects in a box with bounds

(177Æ < l < 193Æ; 20Æ < b < 30Æ) is shown in Figure 7. Quasars have been rejected by using

the color selection (u � g)0 > 0:4. A mixture of thin and thick disk turno� stars are seen

in Figure 7 at (g � r)0 = 0:4 down to magnitude about g0 � 19. Bluer halo (spheroid) and

other stars are seen to the left of this. A `faint blue turno�' box with 18:7 < g0 < 20:1 and

0:15 < (g � r)0 < 0:36 has been outlined with a white box on the Figure. Available SDSS

spectra with photometry in this box are selected.

We were able to �nd three small areas of sky below Galactic latitude l = 30Æ which

contained a signi�cant number of these bluer SDSS stellar spectra. In the S223+20-19.4

region, SDSS spectra were selected in a box bounded by 130Æ < � < 136Æ;�1:25Æ < Æ <

3:75Æ. We name these groups of spectra similarly to the way we named structures in Paper II,

with Galactic longitude, longitude, and turno� magnitude: Sp225+28-19.6. Within region

S183+22-19.4, we pick two sets of SDSS spectra, those in the box 179Æ < l < 185Æ; 25Æ <

b < 30Æ are designated Sp182+27-19.4; and those in the box 185Æ < l < 191Æ; 21Æ < b < 26Æ

are designated Sp188+24-19.3.

We also selected stellar spectra, using the same color and magnitude criteria, from the

high absolute latitude �eld which contains the Sagittarius stream (south) as a \control."
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The selection region is outlined by a white box in Figure 5. Stellar spectra from this high

(absolute) latitude �eld are selected near S167-54-21.5 in the box 25Æ < � < 50Æ;�1:25Æ <
Æ < 1:25Æ. Along with the plate 797 stars with 70:5Æ < � < 73:5Æ;�1:25Æ < Æ < 1:25Æ our

sky coverage includes �ve areas with SDSS spectra: four at low latitude and one control �eld

at high latitude.

A sample of spectra from each type of dataset (plate 321 standard, Sagittarius stream

BHB, a Sp225+28-19.6 Monoceros stream turno� star, and two stars from plate 797 at the

high and low S/N limits are presented in Figure 8. The spectra shown are smoothed over

three pixels (210 km s�1).

Figure 9 shows four radial velocity histograms of faint blue stars with the same colors

and magnitudes as those observed on Plate 797: The upper left hand panel shows stars

from Sp225+28-19.6; the upper right and lower left hand panel shows from the Sp182+27-

19.4 and Sp188+24-19.3 areas, respectively, and the lower right hand panel shows those

from the direction of the Sagittarius south stream. All panels except the Sagittarius panel

show signi�cant numbers of clumped radial velocities with dispersions far smaller than one

expects for a spheroidal population, thus arguing that the population represented here is

not associated with the stellar spheroid. Models of the expected number of stars due to the

standard disks and spheroid from our Milky Way are determined in a similar fashion to that

of Figure 2 and are also shown in each panel of Figure 9.

For the low latitude �elds, the model predicts ten times as many halo stars as thick

disk stars in each sample. In the high latitude �eld, it predicts a hundred times as many

halo stars as thick disk stars. Therefore, we are again justi�ed in using maximum likelihood

techniques to �t only two Gaussians - one for the halo and one for the extra distribution.

The technique is identical to the one used in �tting the Sagittarius stream. The mean and

dispersion of the excess stars is indicated in Figure 9 and in Table 2.

The �rst �ve columns of Table 2 list the region name, right ascension and declination

(J2000) of the center of the region, and Galactic l and b, for the four regions where spectra

were obtained. Column six lists the average radial velocities with errors. According to the

maximum likelihood �ts, there were 36, 34, and 37 stars in the extra component in the

Sp225+28-19.6, Sp182+27-194, and Sp188+24-19.3 directions, respectively. The errors in

the average radial velocities were determined from the measured dispersion divided by the

square root of the number of stars with 4 km s�1 plate-to-plate systematic error added in

quadrature. Since the spectra in Figure 9 have a typical signal-to-noise of 10, we adopt an

instrumental error in radial velocity of 16 km s�1. The 1D velocity dispersions of stars in

column 7 are the measured dispersion with 16 km s�1 subtracted in quadrature. Columns 8

and 9 list the g0 magnitude and (g � r)0 color of stars at the turno� of the faint blue stars.
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The last column of Table 2 gives the derived rotation velocity (vc) of the group of stars

in each set with errors, assuming that they are orbiting the center of the Galaxy in a circle.

Although individual stars in the structure must orbit the center of mass of the Galaxy (not

in cylindrical orbits), one can still use the concept of a coherent circular velocity similar to

that used for the thin and thick disks. The quoted error on this circular velocity is derived by

combining the following factors in quadrature: 1) A one sigma error on the observed radial

velocity; 2) A 15% error in the distance to the stars, based on uncertainty in the measured

turno� magnitude; 3) A 1Æ � 2Æ error in the position of the stars in Galactic longitude (the

error due to small changes in latitude is much smaller) to allow for the fact that the region

over which the stars were observed has �nite size (and in fact is up to a 5Æ � 5Æ box). The

values of vc for Galactic longitudes very near the anti-center have, of course, the largest errors;

the measured circulation velocity for Sp182+27-19.4 is meaningless, since < l >= 182Æ, and

is not calculated. We note that the quoted vc values are consistent within only 2:4� of each

other, suggesting that the assumption of a coherent circular velocity model is too simplistic.

In each case, rejecting now the higher absolute latitude Sagittarius stream region, we

note an excess of stars clumped in radial velocity with a dispersion consistent with that

of the stars on plate 797. We suggest that all these stars are related, and may be moving

coherently around the Galaxy at a distance of 18 kpc from the Galactic center.

7. A Simple Low-latitude Stream Model

In order to explore the possibility that four of the regions surveyed, which di�er in

position on the sky by many tens of degrees and by implication many kiloparsecs, are part

of one low latitude stream, we have generated a simple model which �ts kinematic and

photometric data in these regions of interest. The model simply integrates the equations of

motion in a static potential. Two potentials were tried. The �rst is a logarithmic potential

of the form � � ln(s) (Richstone 1980), where s2 = R2 + Z2=q2p, R
2 = X2 + Y 2, qp is the

potential 
attening in the Galactic rectangular coordinate system (X,Y,Z), and the Sun is

at (�8; 0; 0), rotating in the disk with space velocity (10; 225; 7)kms�1. The second model is

the disk-halo potential of Monet, Richstone, & Schechter (1981), which also has a 
attening

parameter q = 1=(1 + e). In this second model, q has a somewhat di�erent interpretation

than qp; it can be thought of as a bulge-to-disk ratio.

We experiment with di�erent values of qp and an initial position and velocity vector

for a test particle in the proposed satellite until we achieve an orbit which both passes

approximately 1 kpc closer to the plane in Z than the space locations of the four regions

of interest and which also reproduces the average observed radial velocities of the turno�
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stars listed in Table 2 in each of the four regions. We match our model to Z positions lower

than those of our observed data to re
ect the fact that we never see the peak of the star

counts, which must be below our observation limits of jbj < 15Æ. All these constraints are

not suÆcient to completely constrain the potential, given the errors, but they do provide a

plausible simultaneous �t to the photometric and kinematic data in hand.

Figure 10 shows one stellar orbit which passes close to the positions of the detections

of the stream at low latitude. The model parameters and goodness of the �t are listed in

Table 3. In this table (x0; y0; z0) and (vx0; vy0; vz0) are the initial position and velocity of

a star in a stream orbit. The initial position was chosen to pass through an observed piece

of the stream, and the initial velocity, when integrated, minimizes the least square distances

to three other positions near where data are observed while simultaneously �tting for the

observed radial velocity when the stream particle makes its nearest approach over three

periods.

We note here how we use the agreement in radial velocity between the model and the

observations near l = 225Æ to constrain the `direction' of the stream. Towards l = 225Æ, the

upper left hand panel of Figure 9 shows the stream stars orbiting with an average radial

velocity (103 km s�1) are close to that of a projected thick disk (94 km s�1), and signi�cantly

far from that of a stationary halo (143 km s�1). Giving this value the most weight in an

averaging of the circular velocities of Table 2, we thus derive that if the structure seen in

Figure 2 and the �rst three panels of Figure 9 are one coherent structure moving circularly

then it is circling the center of the Milky Way with a systemic velocity of 110 � 25 km s�1

in the prograde direction (with the Galactic disk). The observations near l = 180Æ are less

useful because of the diminished lever arm so close to the Galactic anti-center, but are not

inconsistent with this result.

The model shown here is admittedly very naive, with no tidal e�ects or dynamical

friction included, but it does �t the observations, both in velocity and position to within the

errors.

Figure 11 shows where the stars on the stream in the simple model of Table 3 would

appear in the sky. This diagram is designed to be similar in appearance to those of Ibata et

al. (2001b) for the Sagittarius stream. Note how this stream, which we label the Monoceros

stream after the constellation in which the S225+28-19.4 region lies, remains at jbj < 30Æ

along its entire orbit. Note that elements of the stream in directions towards the Galactic

center may be more diÆcult to detect than those towards the Galactic anticenter since they

are further away from the position of the Sun, and they are at lower Galactic latitudes due

to the Sun's o�set from the Galactic center.
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8. Discussion

We have demonstrated that there are populations of stars, with distances inferred from

their turno� magnitudes of 11 kpc from the Sun (18 kpc from the Galactic Center), that

have velocity dispersions under 30 km s�1. The stars we measured, between 24Æ and 30Æ

Galactic latitude, are �ve kpc above the Galactic plane. We have also observed a similar

overdensity �ve kpc below the plane near the anticenter. Similar structure has been seen at

every position the SDSS has observed below 30Æ Galactic latitude.

From the thickness of the main sequence, Paper II derived an upper limit on the radial

thickness of the structure of 6 kpc as measured from the magnitude range at the turno�.

From Figure 13 of the same paper, it is shown that further down the main sequence the

FWHM is 0.7 magnitudes or less. This results in an estimated thickness of the structure of

4 kpc or less. The actual thickness could be signi�cantly smaller than this. The photometric

errors in the colors of the stars could account for the entire observed width of the main

sequence.

The conclusion that these observations describe a ring of stars in the plane of the Milky

Way could be avoided if the distance to these stars has been grossly overestimated from the

blue turno� stars. If the absolute magnitude of these stars was not Mg = +4:2, but rather

Mg = +8, then the stars would be much closer to the Sun. At a distance of 2 kpc they could

be part of a known spiral arm of the Milky Way (Quillen 2002). Similarly, if there were four

magnitudes of extinction more than we expect, then dust would be confusing our distance

estimates. We believe neither of these to be the case for the following reasons:

1) We know of no known star population which has the spectrum of an F star, as seen in

the numerous spectra of plate 797 (see Figure 8), yet has an absolute magnitude ofMg >> 5.

2) The dust, if present, would redden the stars much more than is seen. The turno�

of these stars is bluer than the thick disk and if unrecognized dust were present, the stars

would be much redder than g � r = 0:3 at turno�.

Thus, we are left with the result that there is a ring of stars extending over at least �fty

degrees of Galactic latitude near the anticenter.

One may estimate the metallicity of the stars in the ring from the plate 797 spectra.

We use the combination of (g � r)0 color and Ca II K � 3933�A equivalent width to separate

e�ective temperature and metalicity. Following Figure 2 of Wilhelm, Beers, & Gray (1999),

we �nd that objects with 0:2 < (g � r)0 < 0:3, have an average W(K) = 4.4�A , which corre-

sponds to an average Teff � 6400 K and a typical metallicity of [Fe=H] = �1:6. The scatter
is large on this metallicity (about �0:3). The derived metallicity seems reasonable, since the
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turno� is bluer than thick disk stars (at brighter g magnitude), implying that the structure

has lower metallicity (or is younger). Using the �gures of Paper II to compare the turno�

color with those of the Sagittarius dwarf stream we �nd that the the Monoceros structure is

more metal rich (discounting age di�erences) than the population in the Sagittarius stream.

Using star counts, we explore the extent of the ringlike structure in more detail. In

addition to the SDSS data on the Celestial Equator that was analyzed in detail in Paper II,

the SDSS has obtained photometric data below 30Æ Galactic latitude from Galactic longitude

180Æ to 200Æ (SDSS stripes 30-37). We measured the turno� color and magnitude of the

structure in 23 pieces of sky in this general direction. Each patch of sky was 5Æ � 2:5Æ and

oriented along an SDSS stripe. The turno� magnitude was determined from the peak of a

plot of constant color derived from a Hess diagram such as Figure 7, and the turno� color

was determined from the peak of a plot of the number of stars versus (g � r)0 color at the

turno� magnitude. The turno� is at about (g � r)0 = 0:27, with a small scatter, in all

measured directions. We measured the turno� color and magnitude in a similar region near

plate 797 in the same way. The turno� color in this direction was slightly redder, probably

because of improper reddening correction in this direction (see Paper II), which has E(B-V)

� 0:08, vs. E(B-V) � 0:04 for the other directions listed in Table 2 (Schlegel, Finkbeiner, &

Davis 1998).

For each of these 24 datasets, we counted the number of turno� stars. These stars were

within 0.01 mag of the turno� color in (g � r)0 and within 0.275 magnitudes of the turno�

magnitude in g0. The log of the number counts of turno� stars vs. Z = d sin(b), where d is

the distance to the ring as implied from the turno� color and an assumed absolute magnitude

of g0 = 4:2 for these stars, is shown in Figure 12. We �nd a reasonable �t to an exponential

drop o� in stellar density as function of jZj at a distance of 18 kpc from the Galactic center.

The scale height �t to Figure 12 is hZ = 1:6 kpc, though it depends on separation of stream

stars from background \spheroidal halo" stars; hZ = 3 kpc is an upper limit. The blue

turno� stars disappear rapidly further than about 5 kpc above or below the Galactic plane

in Z in all directions we've examined.

Five di�erent types of symbols are used in Figure 12 to separate the stars counts into

Galactic longitude bins. Though there is quite a bit of scatter in the diagram, it appears

that at a �xed height above the disk, the number counts are higher at l � 225Æ than they

are at l � 185Æ by about 25%. This e�ect may be simply be due to the geometry, as the

fraction of the ring intercepted in each direction is di�erent. At l � 185Æ, the distance

to the stream (10.7 kpc) is about 12% less than that at l � 225Æ (12 kpc, converting the

turno� magnitudes in Table 2 to approximate distances). Thus, the solid angle intercepted

is about 25% less for the lower longitude regions, roughly consistent with the counts plotted
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in Figure 12. This again argues that the structure we are seeing is coherent with relatively

uniform density, at least for the northern Galactic latitudes. The planar projected distance

R =
p
(X2 + Y 2) of the pieces of the structure listed in Table 2 are 19.5, 17.2, 17.8, and

17.6 kpc. The �rst quoted distance, to the region of Plate 797, is signi�cantly farther than

any of the other measured distances from the Galactic Center. Its turno� color quoted in

Table 2 and in Paper II is slightly bluer than that of the other structures, implying that

reddening is likely to be overestimated towards this direction on the sky. Correction of this

error will only increase the distance disparity between northern and southern components of

the structure.

The similarity of this scale height to the proposed scale height for a metal weak thick

disk (Morrison, Flynn, & Freeman 1990; Majewski 1993; Beers et al. 2002), and the embar-

rassingly good �t to the star number counts in Figure 20 of Paper II, made it diÆcult to

claim that we had found a ring of stars in Paper II, even though we had observed a narrower

main sequence than expected from an exponential disk. The additional evidence in the form

of a narrow velocity dispersion strengthens the ring identi�cation; the structure has a much

smaller velocity dispersion than is expected for a large scale-height exponential disk.

If we identi�ed all of the stars in this structure with an exponential disk of large scale

height, then we would have been forced to include all of the stars observed towards the

Galactic center in Paper II in the same disk structure, leaving no stars left in the power law

spheroid distribution. That consequence of the exponential disk conclusion would have been

diÆcult to explain, given the long history of measurements of the spheroid component. The

spectra we obtained in this paper show a strong power law spheroid component near the

ringlike structure, with the same density and radial velocities as standard Galactic models

predict.

Still, the possibility that the stars in this Monoceros structure are related to those

solar neighborhood stars called metal weak thick disk stars (Borkova & Marsakov 2002) is

intriguing. It is interesting that the inferred scale height, metallicity, and Galactic rotation

speed of this population is in good agreement with those of the proposed metal-weak thick

disk.

It is also interesting to compare the structure seen in the outer parts of our Galaxy

to shells of stars seen in the outskirts of some elliptical galaxies. The radial narrowness of

the structure (< 4 kpc), the tightness of the velocity dispersion, and the Z extent (5 kpc

above and below the plane), as well as the uniform stellar population (color of turno� and

metalicity from CaII K line equivalent width) all are reminiscent of shells such as those

seen in Malin & Carter (1983). If the structure is a shell, it may be possible to use the

narrow velocity dispersion and Z extent to give information about an early Galactic collision
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with another massive object (Tremaine 1999) and to constrain the dark halo potential more

precisely (Merri�eld & Kuijken 1998).

One is, of course, curious as to the total mass of the structure. We estimate lower and

upper bounds on the stellar mass in the structure as follows:

A lower bound follows if the structure is two streams, and extends only as far as we see

it, over an arc of 50Æ (rather than extending all the way around the Milky Way). In Figure

12 we �t an exponential pro�le to the Z extent for 15Æ < jbj < 30Æ. The minimal star count

assumes that the maximum star count (the middle of the stream) is at exactly jbj = 15Æ so

there are twice as many stars per stream as there are over the range of Galactic latitudes

15Æ < jbj < 30Æ. In this case, we integrate the total number of F turno� stars per square

degree (as seen from the Galactic center), based on Figure 12 in this fashion:

NMonoceros turno� stars =
180Æ

�

18kpc

10kpc
� 50Æ � 10000

12:5deg2
� 2� 2 �

Z 30Æ

15Æ
e�d sin jbj=hZdb

Where 180Æ=� handles the degrees to radians conversion; 18 kpc/10 kpc converts an an-

gle subtended at the sun to one subtended from the Galactic center; 50Æ is the arc over which

we actually observe Monoceros structure stars; 10000=12:5deg2 are area and normalization

factors; the �rst factor of two is for two streams, one above and one below the Galactic

plane; the second factor of 2 counts the stars with jbj < 15Æ; and d sin jbj = jZj, where d = 10

kpc and hZ = 1:6 kpc toward l � 180Æ. This yields NMTS = 3:6 � 105 turno� stars. We

estimate from Paper I, Paper II and Odenkirchen et al. (2001) the ratio of turno� stars in

the magnitude-color box of Figure 12 to total solar masses in stars in a globular cluster like

Palomar 5 to be about 1:50. Thus the lower limit on stellar mass in the Monoceros structure

is 2� 107M�. We note that this is considerably larger than our lower limit mass from Paper

II, and is based on the fact that we now have SDSS photometric data to lower jbj and observe
the number counts that continue to rise as jbj decreases.

We follow a similar prescription in placing an upper limit, changing the 50Æ of arc to a

full 360Æ and integrating from 0Æ < jbj < 30Æ in the above equation (removing one factor of

2). This yields NMTS = 9� 106 and a total mass in stars of 5 � 108M�.

9. Conclusions

We �nd a ring of stars in the plane of the Milky Way, at a distance of 18 kpc from the

Galactic Center. We have traced it from l = 180Æ to l = 227Æ, and it may completely encircle

the Galaxy at low latitudes (jbj < 30Æ). The structure extends 5 kpc above and below the
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plane of the Galaxy. The stars at negative Galactic latitude are about 2 kpc further from

the Galactic center than those above the Galactic equator. The radial thickness of the ring

is less than 4 kpc FWHM. Without more data in the plane, it is diÆcult to determine a

scale height for the stars, but we constrain hZ < 3 kpc. The stellar density at a given height

above the plane is constant over the range of Galactic latitudes we have surveyed. Given

that there is an asymmetry between the distance to the northern and southern portions of

the structure, it is possible that there is additional substructure yet to be discovered.

The excess stars discovered at low latitudes in Paper II, and interpreted in this paper

as a ring of stars, are not associated with the thin disk, thick disk, proposed metal-weak

thick disk, or power law spheroid star distributions. The stars are not part of the Sagittarius

dwarf tidal stream. The evidence for this includes:

(1) At distances of 5 kpc above the Galactic plane, and 18 kpc from the Galactic Center,

there are no thin disk stars. Likewise, there are two orders of magnitude fewer thick disk

stars than power law spheroid stars at these distances and directions.

(2) From the spectra of 327 F stars on special plate 797, we �nd a mean radial velocity of

74 kms�1 and velocity dispersion of 27 kms�1 for stars at (l; b) = (198Æ;�27Æ). The velocity
dispersion of the low latitude structure in three additional directions: (l; b) = (225Æ; 28Æ),

(182Æ; 27:5Æ), and (188Æ; 23:5Æ), are 22 km s�1, 30 km s�1, and 30 km s�1, respectively. Since

the spectra are obtained over several degrees of sky, over which the mean radial velocity

of the structure can shift, the intrinsic dispersion of the stars in the ring could be slightly

smaller. These velocity dispersions are much smaller than expected from the spheroid (120

km s�1) or thick disk (55 km s�1) populations. One would expect that the proposed metal-

weak thick disk with large scale height would have an even larger velocity dispersion than

the thick disk, which does not match the observations. The combination of large numbers

of stars at 2 { 5 kpc above the plane and a narrow velocity dispersion makes it diÆcult to

identify these stars with any known or proposed exponential disk distribution. No simple

warp or 
are of an exponential disk can simultaneously explain the excess stars above the

plane and below the plane, with a velocity dispersion under 30 km s�1.

(3) The narrow width of the main sequence in Hess diagrams such as Figure 7 (or Figure

12 of Paper II) is inconsistent with exponential disk models of any scale height/length, even if

photometric errors are assumed to be negligible (see Figure 13 of Paper II). The photometric

errors alone can explain the entire observed width of the main sequence in this diagram.

(4) The stars in Sp198-27-19.8 have Ca II 3934�A equivalent widths and (g � r)0 turno�

colors which suggest metallicities of [Fe=H] = �1:6� 0:3, consistent with stars in the halo

or a metal weak thick disk, and inconsistent with those of a thin or thick disk warp or 
are
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and also inconsistent with those of the more metal poor and bluer Sagittarius stream stars.

(5) The alignment of the density structure of the ring with the Galactic plane is in-

consistent with the orbit of the Sagittarius dwarf tidal stream (which follows a nearly polar

orbit).

We measure the radial velocity and velocity dispersion of the tidal stream of the Sagit-

tarius dwarf galaxy at (l; b) = (165Æ;�55Æ) to be -111 �5 km s�1 with a dispersion of 20

km s�1. The dispersion of the Sagittarius stream is narrower than our measured dispersion

for the ring of stars. If we interpret the ring of stars as the result of the tidal disruption of a

smaller galaxy by the Milky Way, then this leads us to surmise that the mass of the progen-

itor was signi�cantly larger than the Sagittarius dwarf galaxy. Alternatively, the progenitor

might be more completely disrupted.

We have estimated that there are between 3:6�105 and 9�106 turno� stars in the ring,

depending on the assumptions as to how far around the Galaxy it goes, and what its density

pro�le is in the plane of the Milky Way. We estimated from the globular cluster Palomar 5

that the stellar mass of the structure is �fty times larger than the number of turno� stars.

Therefore, the inferred mass in stars of the ring is between 2 � 107 and 5 � 108M�. If

there is a signi�cant fraction of dark matter associated with the stars, the mass could be

ten times larger. The stellar mass of the Sagittarius dwarf galaxy (1:8 � 107M�, assuming

a mass to light ratio of 1) is at the lower limit of our calculated mass range for the ring.

This is consistent with our conjecture that the progenitor would be more massive than the

Sagittarius dwarf from the larger measured velocity dispersion.

The radial velocities of four pieces of the ring are tabulated in Table 2. Using the

simplistic assumption that the stars in the ring move coherently (on average) in a circular

orbit, we calculated a prograde rotation of the ring at a speed of 110�25kms�1. Only the �rst

two radial velocity determinations (Sp198-27-19.8 and Sp225+28-19.6) were signi�cant in this

calculation, since the other two directions were very close to l = 180Æ. It is interesting that

the two measurements disagree at the 2.4 � level, indicating that the kinematic and spatial

structure of the ring is more complex. This is supported by the disparate Galactocentric

distances measured to these two portions of the structure.

This feature of Galactic structure seen in the constellation Monoceros, con�rmed here

by both photometric and kinematic techniques shows the depth and accuracy of new wide

area surveys such as the SDSS and provides a new set of tracers for exploring the structure

and evolution of our Milky Way.
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Fig. 1.| A g0; (g � r)0 color magnitude diagram of SDSS stars near (l; b) = (198Æ;�27Æ).
The Milky Way's thick disk turno� is seen as a wide structure near (g � r)0 = 0:3; g0 = 19.

Note, however, the additional faint turno� at (g � r)0 = 0:2; g0 = 19:5. This is where the

spectroscopic targets for plate 797 observations were selected (triangles).

Fig. 2.| Histogram of radial velocities for 327 blue stars with 19:1 < g0 < 20:3 and

0:158 < (g � r)0 < 0:3 in the direction (l; b) = (198Æ;�27Æ). The stars have an average

heliocentric radial velocity of 74 km s�1 with a remarkably small 1D velocity dispersion of

� = 27 km s�1 after subtraction in quadrature of typical instrumental errors of 20 km s�1.

Also plotted are several models, representing expected contributions and projected radial

velocities of stars from the MilkyWay's thin disk (red) and thick disk (green), both negligible,

for objects of this color at this distance from the Galactic center, and for the stellar spheroidal

halo (blue). The black dotted line is the sum of the thin disk, thick disk and halo components

and the thin solid line represents a Gaussian �t to the `extra' stars, where the contribution

of the halo has been adjusted to minimize the overall �t (thick black line). The density

excess and narrow dispersion are striking for these stars, which are apparently 18 kpc from

the Galactic center.

Fig. 3.| The di�erence of SDSS radial velocities and catalog velocities of bright blue stars

in the open cluster M67 vs. the �ber number on SDSS plate 321. Each plate has 640 �bers,

divided into two (left and right) halves of 320 �bers each. The wavelength calibrations are

determined separately for the left and right halves based on arc lamp exposures before and

after the target exposures. There is a systematic di�erence in the SDSS velocities on the left

and right halves of the plate of amplitude 4 km s�1; this is an estimate of the absolute error

in radial velocities determined throughout this paper. The one sigma dispersion of 11kms�1

is a measure of the rms scatter for individual measurements of bright star radial velocities.

For lower S/N observations, such as those in plate 797, we estimate a one sigma dispersion

of 20 km s�1.

Fig. 4.| Histogram of errors in the determination of radial velocities for all SDSS spectra

from many plates in the color-magnitude box of: 0:15 < (g � r)0 < 0:36; 18:9 < g0 <

20:0. These are di�erences in the automated radial velocities determined for multiple SDSS

observations of the same star on di�erent spectroscopic plates. There are N=146 pairs, with

�=
p
2 = 16:3 km s�1, which gives us a good estimate of our radial velocity accuracy for

objects with typical S/N=10.

Fig. 5.| The color magnitude `Hess' diagram of SDSS stars in the region of the Sagittarius

stream near (l; b) = (165Æ;�55Æ). The greyscale in each color-magnitude pixel is proportional

to the square root of the number of stars in that bin. The black box indicates the area where
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horizontal branch and blue straggler stars from the Sagittarius stream are found. The white

box matches the selection box used at lower Galactic latitudes and represents a high-latitude

control �eld for determining the extent of the low latitude blue stream stars. Objects in the

�gure were selected with the color cuts: 0:4 < (u� g)0 < 1:8;�1 < (g � r)0 < 1:5.

Fig. 6.| Histogram of radial velocities for very blue horizontal branch and blue straggler

stars in the direction of the Sag South stream (black box of Figure 5). The stars have an

average heliocentric radial velocity of �111kms�1 and a velocity dispersion of � � 20kms�1,

(after removing an instrumental spread of 7kms�1). consistent with models of the Sagittarius

South tidal stream.

Fig. 7.| The color magnitude density diagram of SDSS imaging (all stellar objects) in

the a region surrounding the areas Sp182+27-19.4 and Sp188+24-19.3 centered on (l; b) =

(185Æ; 25Æ). The greyscale in each color-magnitude pixel is proportional to the square root

of number of stars in that bin. The white box indicates the selection area used for picking

SDSS spectra of stars in the faint blue turno�. Objects in the whole �gure were selected

with the color cuts: 0:4 < (u� g)0 < 1:8;�1 < (g � r)0 < 1:5.

Fig. 8.| Five SDSS spectra plotted in the wavelength range 3850{5000�A (the full SDSS

spectra extend over the range 3780{9100�A ). All spectra are o�set and scaled to �t on the

page, with a zero 
ux level drawn under each and a vertical reference line at H-beta. Top to

bottom: A G star in the M67 standard plate 321 �eld; A BHB star in the Sagittarius dwarf

southern tidal stream; An F turno� star in the Sp225+28-19.6 area of Monoceros; and two

plate 797 stars representing the bright and faint ends of the set of F turno� stars observed

spectroscopically.

Fig. 9.| Histograms of radial velocities, with Galactic model �ts, for the spectra of stars of

the last four entries of Table 2. The central velocities and velocity dispersions of three low

latitude panels are consistent with one tidal stream circling the Galaxy at a distance of 18

kpc from the Galactic center. The dispersion of the stream is consistent with the 27 km s�1

seen in Figure 2. The lower right panel shows that the low latitude structure seen in the

other panels is not present at Galactic latitude b � �55.

Fig. 10.| Galactic (X,Y,Z) plane projection plots of one possible orbit for stars in the

stream. This sample model has parameters listed in Table 3. The Galactic center and Sun

at (X,Y,Z) = (-8,0,0) kpc are marked. The four spots at R � 18 kpc from the G.C. are

where the SDSS has photometric and kinematic data showing a faint blue turno�. The

radial velocity of the sample orbit matches that observed at the four observed regions to

within about 7 km s�1 (see Table 3). The model has a 
attened logarithmic potential with

potential 
attening parameter of qp = 0:69.
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Fig. 11.| Equatorial (�2000; Æ2000) Aito� projection plot of one possible orbit of the stream

(from Table 3). The stars are all at about 18 kpc from the Galactic center, and are nearly

all at jbj < 30Æ (bounded by red lines). The color of the plotted orbit changes as noted in

the �gure legend to represent projected heliocentric radial velocity for stars observed from

the Sun. The four black points are the positions of the observed SDSS spectroscopic and

photometric data. The black points are o�set a bit from the stream centers to re
ect the

fact that the data do not probe to jbj < 15Æ. A shift of about about 1 kpc is assumed.

The stripes of the SDSS survey area (as planned), are plotted in magenta. Only every other

stripe in the Northern Galactic hemisphere is plotted.

Fig. 12.| Height above (or below) the plane jZj vs. turno� faint blue star counts in a

color magnitude box for stars near the turno� if 12:5 deg2 boxes in the low latitude stream.

Though the estimate of background (smooth stellar halo stars) is uncertain, one can �t an

exponential pro�le to the density of stars in the stream vs. height above the disk in the

range where data is available. This yields a formal scale height of hZ = 1:6 � 0:5 kpc for

this choice of constant (700) background counts. The data points are broken into Galactic

longitude ranges.
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Table 1. Blue stars near (l,b) = (198, -27) (Table Stub only)

R.A. Dec. SDSS ID Fiber ID g0 (g� r)0 (u� g)0 RV WK color 
ag
Æ Æ r-re-c-f-id plate-mjd-�ber mag mag mag km s�1 �A

70.598290 -0.213427 0125-7-3-546-0318 797-52263-318 19.632 0.232 0.984 30.1 6.19 1

70.603553 -0.237871 0125-7-3-546-0219 797-52263-313 19.919 0.280 0.731 62.9 3.36 1

70.622982 0.047201 0125-7-4-546-0262 797-52263-359 19.788 0.264 0.708 89.0 5.01 1

70.625600 -0.057840 1752-0-3-332-0329 797-52263-358 19.230 0.272 1.042 78.4 4.11 1

70.652157 -0.544781 1752-0-2-333-0301 797-52263-311 19.397 0.223 0.892 145.5 3.76 1

70.788270 0.555787 0125-7-5-547-0374 797-52263-339 19.229 0.138 1.122 77.0 5.03 0

Table 2. Summary of Stream detection pieces

Name � Æ l b < vR > �(vR) g0
1 (g � r)01 vcirc

Sp198-27-19.82 72 0 198 -27 74 �5 27 19.8 0.24 -5�54
Sp225+28-19.6 133 2 225 28 103 �6 23 19.6 0.26 139�27
Sp182+27-19.4 117 38 182 27 22 �8 30 19.4 0.28 |

Sp188+24-19.3 115 32 188 24 34 �7 30 19.3 0.28 12�200
Sag. South Strm 35 0 165 -55 -111 �53 203 21.53 0.223 |

1mag and color of faint blue Monoceros turno� except where indicated

2Plate 797
3For the Sagittarius stream, this < vR > and � refer to Sagittarius stream blue hor-

izontal branch and blue straggler stars rather than those in the Monoceros structures.

The color and mag are those of the Sag. stream.
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Table 3. Stream Model parameters

Parameter Value

Halo Potential model 1 ln(s)

Potential Flattening for model 1 qp = 0:69

Halo Potential model 2 Monet, Richstone, & Schechter

Potential Flattening for model 2 q = 0:78

(x0; y0; z0) (�15:498;�7:487; 4:633) kpc
(vx0; vy0; vz0) (�83:6; 202:4; 59:4) km s�1

Period 600 Myr

Semi-Major Axis of Orbit 18 kpc

Predicted (Observed) RV at Sp225+28-19.6 96 (103) km s�1

Predicted (Observed) RV at Sp198-27-19.8 72 (74) km s�1

Predicted (Observed) RV at Sp182+27-19.4 25 (22) km s�1

Predicted (Observed) RV at Sp188+24-19.3 36 (34) km s�1

Closest approach of orbit to Sp198-27-19.8 0.6 kpc 1

Closest approach of orbit to Sp182+27-19.4 0.7 kpc 1

Closest approach of orbit to Sp188+24-19.3 0.3 kpc 1

1The closest approach is actually to a position 1 kpc lower in jZj to that of

the observed stars.
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